Internally located, cis-acting RNA replication elements, termed cres, are essential for replication of the genomes of picornaviruses such as human rhinovirus 14 (HRV-14) and poliovirus because they template uridylylation of the protein primer, VPg, by the polymerase 3D pol . These cres form stem-loop structures sharing a common loop motif, and the HRV-14 cre can substitute functionally for the poliovirus cre in both uridylylation in vitro and RNA replication in vivo. We show, however, that the poliovirus cre is unable to support HRV-14 RNA replication. This lack of complementation maps to the stem of the poliovirus cre and was reversed by single nucleotide substitutions in the stem as well as the base of the loop. Replication-competent, revertant viruses rescued from dicistronic HRV-14 RNAs containing the poliovirus cre, or a chimeric cre containing the poliovirus stem, contained adaptive amino acid substitutions. These mapped to the surface of both the polymerase 3D pol , at the tip of the "thumb" domain, and the protease 3C pro , on the side opposing the active site and near the end of an extended strand segment implicated previously in RNA binding. These mutations substantially enhanced replication competence when introduced into HRV-14 RNAs containing the poliovirus cre, and they were additive in their effects. The data support a model in which 3CD or its derivatives 3C pro and 3D pol interact directly with the stem of the cre during uridylylation of VPg.
The picornaviruses comprise a large and relatively diverse family of viruses that includes many animal and human pathogens (1) . These are small, nonenveloped, positive-strand RNA viruses that are currently classified into nine genera, two of which, the enteroviruses and rhinoviruses, are particularly closely related in terms of their genome organization, nucleotide and protein sequences, protein processing pattern, and protein function (2) . Their single-strand RNA genomes contain only one open reading frame, encoding a large polyprotein that undergoes co-and post-translational cleavage into a series of structural proteins that comprise the viral capsid (VP4, VP2, VP3, and VP1) and nonstructural proteins involved in replication of the viral genome (2A, 2B, 2C, 3A, 3B, and 3C pro and 3D pol ). Of these, 3C pro is a cysteine protease that mediates most processing events within the polyprotein, whereas 3D pol is the catalytic core of the viral replicase, the RNA-dependent RNA polymerase. Importantly, some precursor proteins, such as the uncleaved precursor of the viral protease and polymerase, 3CD, have functions in protein processing and replication that are distinct from those of the fully processed, mature proteins (3) .
cis-Acting RNA signals and their interacting protein partners are essential for replication of picornaviruses. A cloverleaf structure at the 5Ј-terminus of the 5Ј-nontranslated RNA (5Ј-NTR) 1 segment acts in cis to promote the synthesis of viral RNA. 3CD and a cellular protein, poly(rC)-binding protein, form a ternary ribonucleoprotein complex with the cloverleaf RNA (4 -10) . This ribonucleoprotein complex plays a critical role in viral RNA replication. It appears to interact with a second cellular protein, poly(A)-binding protein, which binds to the poly(A) sequence at the 3Ј-end of the genome, forming a protein bridge leading to circularization of the genome and mediating the initiation of negative-strand RNA synthesis (11) .
Conserved RNA structures within the 3Ј-NTR of enteroviruses and rhinoviruses are also important for efficient negative-strand RNA synthesis (12) (13) (14) (15) . In common with the 5Ј-cloverleaf, the 3Ј-NTR interacts with both cellular and viral proteins, forming a ribonucleoprotein complex that facilitates RNA synthesis (13, 16 -18) . However, because deletion of the 3Ј-NTR does not completely abolish viral RNA replication, the structured 3Ј-NTR segment of the genome is not absolutely essential for viral replication (19) .
Internally located, picornaviral cis-acting replication elements (cres) were first discovered within human rhinovirus 14 (HRV-14) RNA (20, 21) . The minimal active HRV-14 cre consists of a simple 33-nucleotide stem-loop structure located within the P1 segment of the genomic RNA (22) . Although this RNA signal is located within the polyprotein (VP1) coding sequence, its role in RNA replication is independent of its protein coding function (20, 21) . Similar replication elements have since been found in the protein coding sequences of other picornaviruses, including Theiler's murine encephalitis virus, a member of the cardiovirus genus (within the VP2 coding sequence) (23) , poliovirus (2C sequence) (24) , and HRV-2 (2A sequence) (25) . More recently, a functionally related cre was identified in the 5Ј-NTR of foot-and-mouth disease virus (26) . This observation and earlier studies with the poliovirus (PV) and HRV-14 cres (21, 27, 28) indicate that the function of these elements is relatively if not entirely independent of their position within the genome.
Early observations with the HRV-14 cre indicated that the element could not be trans-complemented in infected cells and suggested an essential role for the cre in the initiation of negative-strand RNA synthesis (21, 23) . However, more recent studies using cell-free translation-replication systems suggest that the cre is not required for negative-strand RNA synthesis and implicate a primary role for the cre in positive-strand synthesis (30, 31) . Further work will be required to reconcile these differences.
Picornaviral RNA synthesis is primer-dependent, with the primer for both negative-and positive-strand RNA synthesis likely to be a uridylylated form of a small viral protein, VPg (3B), which is normally found covalently linked to the 5Ј-terminal nucleotide of the genomic RNA (32, 33) . Studies by Paul and colleagues (34, 35) suggest that the PV cre acts as a template for the uridylylation of VPg to VPg-pUpU by the 3D pol polymerase, thereby providing the primer for viral RNA synthesis. The capacity of HRV-14 cre mutants to support RNA replication in vivo correlates strongly with their ability to function as template for VPg uridylylation in vitro (22) , suggesting that the role of the cre in VPg uridylylation is likely to be central to its function in viral RNA replication. The addition of 3C pro or its precursor 3CD to such in vitro reactions significantly enhances the uridylylation of VPg (28, 35, 36) , suggesting that the 3CD precursor may also interact functionally with the cre RNA.
Interestingly, despite considerable differences in nucleotide sequence and predicted secondary structure, the HRV-14 cre can functionally replace the PV cre in cell-free uridylylation reactions mediated by the PV 3D pol and 3CD proteins (25, 35) . This is consistent with the existence of a common motif within the apical loop segment of the rhinovirus and enterovirus cres and its proposed role in VPg uridylyation (22) . Here we describe experiments that investigate further the functional exchangeability of these two cres. Surprisingly, when we replaced the HRV-14 cre with the PV cre, it failed to support the replication of either a subgenomic HRV-14 replicon or a recombinant dicistronic virus. We mapped this lack of complementation to the stem of the PV cre and present evidence indicating that the structure of the stem plays a critical role in cre function. We also describe point mutations within the HRV-14 3C pro protease and 3D pol polymerase proteins which partially rescue the ability of the PV cre to support HRV-14 RNA replication. These results suggest that the cre RNA interacts directly with the 3C pro protease and 3D pol polymerase, or the 3CD precursor protein, and indicate that this interaction is vital for viral RNA replication.
EXPERIMENTAL PROCEDURES
Construction of Plasmids-The plasmids p⌬P1Luc-PVcre, ⌬P1Luc-PVstm and ⌬P1Luc-PVlp were constructed by ligating oligonucleotides representing the PV cre or HRV-14/PV chimeric cre sequences into p⌬P1Luc-⌬cre (21) after it had been digested with XhoI and NheI restriction endonucleases (Fig. 1) . Recombinant dicistronic HRV-14 viral genomes were generated by modification of WREP23, a dicistronic HRV-14 genome in which the encephalomyocarditis virus internal ribosomal entry site sequence (IRES) is inserted at the P1-P2 junction (21) . The native cre sequence located within the VP1 coding region was mutated by QuikChange site-directed mutagenesis (Stratagene) using the following oligonucleotides: (ϩ), GCACTCACTGAAGGTTTGGGAG-ACGAGTTGGAGGAGGTTATTGTCGAAAAGACTAAGCAAACCGTT-GCGTCCATATCCTCAGGTCCAAAACACACAC; and (Ϫ), GTGTGTG-
FIG. 1.
A, organization of the subgenomic HRV-14 replicon, ⌬P1Luc-HRV14cre. All of the P1 region has been replaced with the luciferase coding sequence except for the 21 nucleotides encoding the C-terminal 7 amino acids of VP1 (21) . The solid box in the enlargement at the C terminus of the Luc sequence, between the XhoI and NheI recognition sites, represents the HRV-14 cre (or wild-type or mutant cre sequences shown in B). B, MFOLD-predicted secondary structures of the HRV-14cre, PVcre, PVlp, and PVstm chimeric cres (for details, see "Experimental Procedures"). Residues within the loop which are critical for cre function are circled (22) . Mutations identified in four revertant dicistronic viruses containing PVcre sequences (see Table I ) are indicated by arrows in both panels.
TTTTGGACCTGAGGATATGGACGCAACGGTTTGCTTAGTCTTTTC-GACAATAACCTCCTCCAACTCGTCTCCCAAACCTTCAGTGAGTGC.
XhoI and NheI restriction enzyme sites were engineered immediately downstream of the stop codon following the first cistron in the dicistronic construct using site-directed mutagenesis (QuikChange). The HRV-14 cre, PV cre, and HRV-14/PV chimeric cre sequences were inserted between these sites, resulting in pWR-HRV14cre, pWR-PVcre, and pWR-PVstm, respectively (Fig. 1) . All regions subjected to PCR mutagenesis were sequenced to ensure that no additional mutations were introduced.
Cells-HeLa cells were obtained from the American Type Culture Collection and maintained as described previously (22) .
Computer-based Prediction of RNA Secondary Structure-RNA secondary structure was predicted using the MFOLD program with the Zuker energy minimization algorithm (www.bioinfo.rpi.edu/ applications/mfold).
In Vitro RNA Transcription-To produce replicon or dicistronic viral RNA transcripts, plasmids were linearized at the unique MluI restriction site downstream of the 3Ј-viral poly(A) sequence. RNA transcripts were synthesized by T7 polymerase-mediated transcription (T7 MEGAscript, Ambion). The integrity and yield of the transcribed RNAs were determined by agarose gel electrophoresis.
Rescue and Analysis of Revertant Viruses-HeLa cells were transfected with 5 g of dicistronic RNA transcript using a GenePulser II electroporation apparatus (Bio-Rad) as described previously (20) . Viruses were recovered from transfected cells by picking well separated plaques followed by disruption of cells by repeated freeze-thaw cycles. Plaque harvests were passaged in HeLa cell cultures in 35-mm dishes. Viruses (cells and supernatant) were harvested before the cytopathic effect was complete and used as stocks for analysis of genotype and phenotype. For genotyping, viral RNA was isolated from cell lysates using TriZol® reagent (Invitrogen). First-strand cDNA synthesis was carried out with the ThermoScript TM reverse transcription-PCR system (Invitrogen), and cDNA was amplified with Platinum® Pfx DNA polymerase (Invitrogen) utilizing HRV-14-specific oligonucleotide primers. Purified amplimers were sequenced directly on an ABI 373L sequencer.
Replicon RNA Amplification Assays-HeLa cells were transfected with replicon RNA transcripts as described previously (36) , seeded into 6-well plates, and cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum at 34°C. Cell lysates were harvested by the addition of 125 ml of passive lysis buffer (Promega) to each well and stored at Ϫ70°C until assayed for enzymatic activity. Luciferase activity was quantified using the Luciferase Assay System (Promega) as described by the supplier, with results determined using a TD-20/20 luminometer (Turner Designs).
Molecular Display and Modeling-Protein structures were displayed and modeled using Swiss-PDB Viewer (37) .
RESULTS

The PV cre Does Not Support Replication of an HRV-14
Subgenomic Replicon-Although apparently sharing similar functions in replication, the cres identified in rhinoviruses and enteroviruses differ in their genomic location, primary sequence, and predicted secondary structure. Nonetheless, a detailed mutational analysis, coupled with the comparison of known and suspected cre sequences, has suggested the existence of a conserved sequence motif within the apical loop segment of the rhinovirus and enterovirus cres: RNNNAARNNNNNNR (22) . The conserved purines within this motif cannot be changed without loss of replication competence in the context of a subgenomic HRV-14 replicon (Fig.  1A) , and each is present within the cre elements of HRV-14 and PV (Fig. 1B) . Single nucleotide substitutions at the intervening positions have little or no effect on replication of HRV-14 RNA (22) . The shared cre loop motif may be sufficient for functional equivalence of these cres because the HRV-14 cre is able to substitute for the PV cre as a template for in vitro VPg uridylylation catalyzed by PV enzymes (35) . In further support of this hypothesis, insertion of the HRV-14 cre rescued the replication competence of both PV and a PV subgenomic replicon containing a lethal mutation within the native PV cre (28) .
To determine whether the converse is also true and whether the PV cre is able to substitute for the HRV-14 cre in rhinovirus RNA replication, we replaced the HRV-14 cre present in the subgenomic replicon, ⌬P1Luc-HRV14cre (21) (previously designated ⌬P1LucCRE), with the PV cre. ⌬P1Luc-HRV14cre is a subgenomic replicon in which most of the HRV-14 P1 segment has been replaced by the firefly luciferase coding sequence, with the HRV-14 cre inserted between the luciferase and P2 coding regions ( Fig. 1A ) (21) . The replication of this RNA can be monitored accurately by measuring luciferase activity after transfection of HeLa cells. An increase in luciferase activity between 3 and 24 h after transfection is indicative of viral RNA replication and is not observed in the presence of guanidine, a potent inhibitor of HRV-14 RNA replication (22) .
To test for replication competence, replicon transcripts containing the PV cre in lieu of the HRV 14 cre, designated ⌬P1Luc-PVcre (Fig. 1, A and B), were transfected into HeLa cells. Control cells were transfected with the parental replicon, ⌬P1Luc-HRVcre, or a cre-deficient replicon, ⌬P1Luc-⌬cre (previously designated ⌬P1LucXN) (21) . Surprisingly, transfection of the ⌬P1Luc-PVcre transcripts gave rise to only minimal luciferase activity, with no significant increase between 3 and 24 h post-transfection (Fig. 2) . Luciferase expression was not increased above that observed after transfection of ⌬P1Luc-⌬cre RNA (which contains no cre sequence) and thus represented only translation of the input RNA. In contrast, the amount of luciferase expressed by the replicon containing the wild-type HRV-14 cre, ⌬P1Luc-HRV14cre, increased ϳ100-fold between 3 and 24 h post-transfection (Fig. 2) . These results indicate that the PV cre is incompatible with the HRV-14 genome and that either its sequence or structure does not allow an efficient interaction with other components of the HRV-14 RNA replication complex.
To determine which domain of the PV cre, the loop or the stem, might be responsible for this incompatibility, we constructed two additional replicons containing chimeric cres, one with the loop sequence of the PVcre fused to the HRV-14 stem (designated PVlp, Fig. 1B ), and the other containing the HRV-14 loop fused to the PV stem (PVstm, Fig. 1B ). HRV-14 replicons containing these chimeric cres were designated ⌬P1Luc-PVlp and ⌬P1Luc-PVstm, respectively. Transfection of ⌬P1Luc-PVlp RNA into HeLa cells led to a significant increase in luciferase activity between 3 and 24 h after transfection (Fig.  2) . This result demonstrates the replication competence of ⌬P1Luc-PVlp RNA, although the expressed luciferase activity (and thus the efficiency of RNA replication) was significantly reduced compared with ⌬P1Luc-HRV14cre. In contrast, transfection of ⌬P1Luc-PVstm transcripts into HeLa cells resulted in no increase in luciferase activity (Fig. 2) , indicating a lack of RNA replication competence. These results demonstrate that the PV cre loop is partially, but not completely, functionally exchangeable with the HRV-14 cre loop and that the stem of the PV cre is the major determinant of the incompatibility that exists between the PV and HRV-14 cre. Although these results support the validity of the RNNNAARNNNNNNR loop motif proposed previously (22) , they also show that the sequence and/or structure of the cre stem is important determinant(s) for replication.
Rescue of Revertant Dicistronic HRV-14 Viruses Containing Replication-defective cres-To characterize further the nature of the restriction underlying the lack of detectable replicon amplification when the HRV-14 cre was replaced by the PV cre, we placed the PV cre (and the chimeric PVstm and PVlp cres described above) within the sequence of a recombinant dicistronic HRV-14 virus (see below) in which the native HRV-14 cre was functionally knocked out by multiple silent nucleotide substitutions. We transfected these RNAs into HeLa cells and then sought evidence for replication-competent revertant viruses that might have accumulated mutations that reversed or compensated for the restriction posed by the PV cre. Our hypothesis was that the location and nature of these compensatory mutations would shed light on why the PV cre is unable to function efficiently within the HRV-14 background.
Because the HRV-14 cre is located within the P1 coding region, simply replacing its sequence with the ϳ60-nucleotide PV cre sequence would alter the HRV-14 capsid protein sequence and most likely prevent virion formation. To overcome this problem, we utilized a previously described dicistronic virus, WREP23 (21), which contains the encephalomyocarditis virus IRES inserted into the open reading frame of HRV-14 at the P1-P2 junction (Fig. 3A) . The translation of the first cistron, encoding the HRV-14 capsid proteins, is thus under the control of the HRV-14 IRES, whereas translation of the second cistron, encoding the nonstructural proteins 2A-3D, is initiated by the encephalomyocarditis virus IRES. This allows for the placement of a foreign cre sequence near the center of the HRV-14 genome, between the HRV-14 P1 segment and encephalomyocarditis virus IRES sequence, in a context in which it will not alter the sequence of any expressed HRV-14 protein (Fig. 3A) . To knock out the native P1 cre in WREP23, nucleotide substitutions were introduced at the third position of each of 23 amino acid codons encompassing the HRV-14 cre sequence (see "Experimental Procedures"). These 23 substitutions, spanning 69 nucleotides, include an A to G substitution at one of the critical purine positions, 2368A3 G in the HRV-14 cre loop motif (22) , but they do not alter the encoded amino acid sequence of VP1. An MFOLD-assisted RNA structure prediction showed complete disruption of the HRV-14 P1 cre structure in this mutant (data not shown).
To facilitate the introduction of cre sequences into the dicistronic cre knock-out, two restriction enzyme sites, XhoI and NheI, were engineered immediately following the stop codon at the end of the first open reading frame (Fig. 3A) . The final dicistronic construct, designated WR-⌬cre, contained no functional cre sequence and served as a negative control in the following experiments (Fig. 3B) . The HRV-14 cre sequence was inserted between the XhoI and NheI sites to construct a functional virus that could serve as a positive control, WR- HRV14cre. Insertion of the PV cre and the chimeric cres, PVstm and PVlp (Fig. 1B) resulted in the recombinant dicistronic HRV-14 viral genomes WR-PVcre, WR-PVstm, and WR-PVlp, respectively (Fig. 3A) .
Transfection of WR-⌬cre RNA into HeLa cells yielded no plaques, indicating that the native HRV-14 cre was indeed functionally knocked out (Fig. 3B) . In contrast, WR-HRV14cre RNA gave rise to plaques within 48 h after transfection, demonstrating that the reconstituted HRV-14 cre was capable of supporting viral replication in the context of the dicistronic viral genome (Fig. 3B) . Consistent with the earlier results obtained with the replicons (Fig. 2) , WR-PVlp RNA, containing the chimeric cre with the loop segment of PV, also produced plaques within 48 h of transfection. However, the number of plaques produced by WR-PVlp was less and the plaque size smaller than with WR-HRV14cre, indicating a lower specific infectivity of the RNA (Fig. 3B ). Also consistent with the earlier results, no plaques were evident by 48 h after transfection of the WR-PVcre and WR-PVstm RNAs. This confirms that the PV and PVstm cres do not support efficient replication of HRV-14 RNA. Nonetheless, a few small plaques appeared by 72-96 h after transfection, suggesting that these cre sequences support a low level of replication sufficient for the generation of revertant viruses with more robust replication phenotypes.
Compensatory Mutations in Revertant Dicistronic HRV-14 Viruses Containing the PV cre-Three well separated plaques were selected from cells transfected with WR-PVcre RNA and one from cells transfected with WR-PVstm RNA. Viruses picked from these plaques were passaged in HeLa cells, and RNA was extracted from the cells for sequencing after reverse transcription and PCR amplification of the cDNA (Table I) . In each case, the sequence of the mutated native HRV-14 P1 cre was unchanged from that of the RNA transfected into the cells. One of the revertant viruses recovered from WR-PVcre (WRPVcre-R1) replicated efficiently in HeLa cells and its full-length genome, excluding ϳ30 nucleotides at the extreme 5Ј-and 3Ј-ends, were sequenced. The PV cre sequence was unchanged, and only a single point mutation was identified elsewhere in the genome, 5520U3 C (numbered by its position in the wildtype HRV-14 genome), which results in a change in Leu-94 of 3C pro to Pro (L94P; Fig. 1 and Table I ). Two other revertant viruses recovered from WR-PVcre (WR-PVcre-R2 and WRPVcre-R3) required a second passage in HeLa cells to produce sufficient RNA for sequencing. The genomes of these two revertants, except for the extreme 5Ј-and 3Ј-termini, were sequenced as well. WR-PVcre-R2 possessed a single point mutation, 4452A3 U, within the stem of the PV cre (numbered by its position within the poliovirus genome), whereas WR-PVcre-R3 had a single point mutation in the 3D pol coding region, 6998G3 A, leading to a change in Asp-406 to Asn (D406N; Fig.  1 and Table I ).
The single revertant from WR-PVstm (WR-PVstm-R1) replicated well on initial passage in HeLa cells. When sequenced, a 3-nucleotide (AAU) insertion was found immediately 5Ј of the 5Ј-stem sequence of the chimeric PVstm cre, in addition to a single nucleotide substitution, 2375C3 U, within the HRV-14 loop segment ( Fig. 1 and Table I ). Interestingly, this substitution changed the sequence to that present at the analogous position within the PV cre loop (Fig. 1) .
The 4452A3 U and 2375C3 U cre Substitutions Restore PV cre Function in HRV-14 RNA-Mutations identified within the heterologous PV cre sequence could restore replication competence by altering the cre structure so that it more closely resembles that of the native HRV-14 cre. To confirm that the 4452A3 U mutation repairs the defect in PV cre function when it is placed in the HRV-14 background, this mutation was introduced into the replication-incompetent ⌬P1Luc-PVcre and ⌬P1Luc-PVstm replicons. Similarly, the 2375C3 U and AAU insertional mutations that were identified in the WRPVstm-R1 revertant (Table I) were introduced into ⌬P1Luc-PVstm both individually and together. As indicated by a significant increase in luciferase activity between 3 and 24 h after transfection of these RNAs, both the 4452A3 U and 2375C3 U substitutions largely restored cre function (Fig. 4) . On the other hand, the AAU insertion only minimally facilitated RNA replication when introduced by itself and had no additional effect when introduced in combination with 2375C3 U. Importantly, the 4452A3 U substitution restored replication competence to both the PVcre and PVstm constructs. The ability of the 2375C3 U substitution, which is within the loop sequence, to restore replication competence to PVstm suggests that there are critical interactions between nucleotides in the stem and loop that influence important aspects of cre structure.
3C pro and 3D pol Mutations Also Restore Replication to HRV-14 RNA Containing the PV cre-Both 3C
pro and its precursor, 3CD, enhance 3D pol -mediated uridylylation of Vpg templated by the cre, suggesting a functionally important interaction between 3C pro or 3CD and the cre (28, 35, 36) . It was thus of interest that second site mutations within the sequences encoding 3C pro and 3D pol appeared responsible for the enhanced replication of WR-PVcre-R1 and WR-PVcre-R1 (Table  I) . To confirm that the L94P (5520U3 C) mutation in 3C pro compensates for the defect in PV cre function, we introduced this mutation into the replicons ⌬P1Luc-PVcre and ⌬P1Luc-PVstm. This resulted in an approximate 10-fold increase in the amount of luciferase produced at 24 versus 3 h post-transfection (Fig. 5A) . We also demonstrated that introduction of this mutation into the dicistronic WR-PVcre RNA increased its ability to generate plaques by about 30-fold, although it still produced fewer plaques than WR-HRV14cre RNA (compare PVcre-L94P in Fig. 5B with PVcre and HRV-14cre in Fig. 3B) . A similar partial restoration of replication competence was observed when the mutation was introduced into pWR-PVstm (Fig. 5B) . These results confirm that the L94P mutation partially rescues the ability of the PV cre to support HRV-14 replication.
Similarly, the ability of the 3D pol D406N (6998G3 A) mutation to rescue PV cre function was confirmed by introducing this mutation into the ⌬P1Luc-PVcre and ⌬P1Luc-PVstm replicon RNAs (Fig. 6A) . Interestingly, the effects of the 3C pro L94P and 3D pol D406N mutations were additive when both were introduced into ⌬P1Luc-PVcre, restoring its replication competence nearly to that of the ⌬P1Luc-HRV14cre RNA that contains the HRV-14 cre (Fig. 6A) . However, neither the L94P nor the D406N mutation impaired RNA replication when introduced into ⌬P1Luc-HRV14cre (Fig. 6A) .
The L94P Mutation in 3C
pro Acts at the Protein Level-The compensatory L94P and D406N mutations are likely to act by facilitating interactions between the PV cre and the 3C pro and 3D pol proteins (or their 3CD precursor). Alternatively, the underlying nucleotide substitutions could potentially facilitate unknown RNA-RNA interactions involving the cre and the RNA sequences that encode these proteins that might be important for replication. To assess this latter possibility, we introduced a total of 10 silent nucleotide substitutions into the sequences flanking the 3C pro mutation in ⌬P1Luc-PVcre-L94P (FL-L94P mutant) . An MFOLD analysis demonstrated that these mutations completely disrupt the predicted local RNA structure in this region (data not shown). However, the compensatory effect of the L94P mutation was not altered by the presence of these multiple silent mutations, as indicated by the increase in luciferase activity after transfection of this RNA (Fig. 6B) . This result provides strong, albeit indirect, evidence that neither the RNA sequence nor the RNA structure in the region encoding Leu-94 is crucial to cre function or RNA replication, suggesting in turn that it is an interaction between the cre and 3C pro protein which is stabilized or otherwise enhanced by the L94P mutation. Because the L94P mutation also rescued the replication competence of the ⌬P1Luc-PVstm replicon (Fig.  5A) , this interaction seems likely to involve the stem of the cre or, alternatively, structure within the cre loop which is influenced by the stem sequence.
To gain a greater understanding of this putative cre-3C pro interaction, we next evaluated the ability of other amino acid substitutions at residue 94 of 3C pro to rescue HRV-14 RNA replication driven by the PV cre. This was accomplished by creating additional replicon mutants with substitutions at this residue including Ala, Phe, Asp, and Arg (L94A, L94F, L94D, and L94R mutants, respectively). Replacing Leu-94 with the small side chain residue Ala (L94A) was as capable of rescuing replication as the L94P mutation, whereas substitution with residues possessing larger or more highly charged side chains had minimal or no effects on the replication competence of ⌬P1Luc-PVcre (Fig. 6B) .
DISCUSSION
Internal picornaviral cres are essential for viral RNA replication (21, (23) (24) (25) (26) . They appear to function by serving as template for the uridylylation of VPg-pUpU, which is required for the subsequent priming of viral RNA synthesis (35) . There are several indications that specific protein-cre interactions are necessary for this process. First, the addition of 3CD or 3C pro enhances in vitro PV 3D pol -catalyzed VPg uridylylation reactions in which the cre serves as template. The enhancing effect is abolished by mutations within an RNA binding domain of 3C
pro (R84S and I86A) (35) . However, direct evidence for a cre-3CD interaction has been difficult to produce using biochemical approaches possibly because the interaction is of relatively low affinity (27) . Nonetheless, a recent report by Yin et al. (28) has provided evidence for an interaction between the PV cre and 3CD or 3C pro using mobility shift and filter binding assays. The experiments described here applied a genetic approach to investigating interactions between the cre and components of the viral replication complex in vivo.
Initial experiments aimed at determining the functional exchangeability of cres from two closely related picornaviruses, HRV-14 and PV, demonstrated that the PV cre was unable to support efficient HRV-14 RNA replication (Figs. 2 and 3 ). This observation indicates that the PV cre is incompatible with one (Table I) restore replication competence to HRV-14 PVcre and PVstm replicons. The AAU insertion and 2375C3 U mutation were introduced into the ⌬P1Luc-PVstm replicon (striped bars) both individually and together, whereas the 4452A3 U mutation was introduced into both ⌬P1Luc-PVcre (shaded bars) and ⌬P1Luc-PVstm. Controls included ⌬P1Luc-HRV14cre and ⌬P1Luc-⌬cre (solid bars).
FIG. 5. A, the L94P mutation in 3C
pro (5520U3 C) enhances replication of HRV-14 RNA replicons containing the PV cre and PVstm chimeric cre. B, the L94P mutation in 3C pro (5520U3 C) rescues replication of dicistronic HRV-14 cre knock-out viruses containing the PV cre and PVstm chimeric cre (compare with Fig. 3B for plaques formed by WR-PVcre and WR-PVstm viruses). Plaque assay was carried out as described in the legend to Fig. 3 . Plaques were visualized at 72 h dafter transfection.
or more components of the HRV-14 replication complex. This incompatibility maps to the stem of the cre because a chimeric cre composed of the PV loop and the HRV-14 stem (PVlp) was replication-competent when placed in the HRV-14 background, whereas another chimeric cre containing the PV stem and HRV-14 loop (PVstm) was replication-defective (Figs. 2 and 3) . In addition, a single nucleotide change (4452A3 U) within the internal loop in the stem of the PV cre largely restored its ability to support HRV-14 replication (Figs. 1 and 4) . These observations are consistent with the recent suggestion by Yin et al. (28) that the upper stem and the internal loop of the PV cre are involved in its binding to 3C pro and 3CD. However, we also found that a single nucleotide change within the HRV-14 sequence near the base of the loop in the chimeric cre PVstm (2375C3 U) restored its ability to function with the HRV-14 replication complex (Figs. 1 and 4) . This suggests the alternative possibility that the interaction of 3C pro , 3D pol , or 3CD involves the loop of the cre and that the sequence of the stem might influence the structure of the loop in a way that enhances its interaction with these proteins. A better understanding of how this might occur, and the precise mechanisms of cre recognition by viral proteins, is likely to be gained by structural studies of the wild-type and mutant cres.
We were able to isolate revertant viruses carrying secondsite mutations that largely restored replication competence to HRV-14 RNAs containing the heterologous PV cre. One mutation, L94P, mapped to the 3C pro proteinase, whereas another, D406N, was within the 3D pol polymerase (Table I and Figs. 5 and 6A). Several observations suggest that the L94P mutation restores replication competence by altering an interaction of the cre with the 3C pro or 3CD protein rather than the RNA sequence at the site of the mutation. First, this mutation is not located within a conserved RNA sequence or structure. In addition, the introduction of 10 silent nucleotide substitutions within codons immediately flanking that encoding L94P did not adversely influence the compensatory effect of this mutation on RNA replication (FL-L94P mutant, Fig. 6B ). This suggests that there is no need to maintain a particular RNA sequence or structure in this region. Finally, an L94A mutation was as effective as the L94P mutation in restoring replication competence (Fig. 6B) .
The involved 3C pro residue (Leu-94) is largely solvent-ex- posed on the surface of the three-dimensional structure of the HRV-14 proteinase, as are the analogous residues in the HRV-2 and PV 3C pro proteins (38 -40) (Fig. 7A) . It is on the opposite side of the protease from its active site and near the end of an extended strand segment that contains a highly conserved amino acid sequence, Lys-Phe-Arg-Asp-Ile-Arg (residues 82-87), which has been implicated in the binding of 3C pro to RNA (38, 40, 41) and within which mutations at Arg-84 or Ile-86 render the PV protein unable to enhance cre-templated uridylylation of VPg in vitro (35) . Although Leu-94 is 16 Å distant from Arg-87 at its closest approach to this previously defined RNA binding domain in the HRV-14 protein, it would appear to be well sited to contribute to a 3C pro -RNA interaction involving the cre. Given its distance from the active site, local conformational rearrangements that might occur as a result of the L94P mutation to accommodate the PV cre would not be expected to affect 3C pro proteinase activity significantly, which is vital for viral replication.
To understand how the L94P substitution might modify the structure of the HRV-14 3C pro molecule to accommodate the PV cre, we compared the HRV-14 3C
pro and poliovirus 3C pro protein structures. Although the surfaces of these proteins show many similarities (Fig. 7A) , there is a striking difference in the region of Leu-94 of HRV-14. In the HRV-14 proteinase, Leu-94 lies at the bottom of a narrow cleft, adjacent to Asp-93 and Glu-95, whereas the poliovirus 3C pro molecule has a relatively broad and open plateau near Thr-95 (the PV residue aligning most closely with Leu-94 in HRV-14 3C pro ). Because the L94P mutation renders HRV-14 3C
pro capable of supporting the replication of RNAs containing the PV cre, it is likely that it alters the surface conformation of the protein so that it more closely resembles that of PV 3C
pro . Thus, the substitution of Leu-94 with residues containing a relatively short side chain, such as Pro or Ala that accommodate the presence of the PV cre (Fig.  6B ), may precipitate a local structural rearrangement resulting in the HRV-14 proteinase assuming a flatter and more open surface conformation at this site, similar to that which is evident near Thr-95 in the PV protease. This hypothesis is consistent with the fact that substitutions of Leu-94 with residues with bulkier or more highly charged side chains such as Phe, Asp, or Arg failed to rescue replication of RNAs containing the PV cre (Fig. 6B) . Because RNAs containing the HRV-14 cre replicated equally well with or without the L94P mutation (Fig.  6A) , the HRV-14 cre does not appear to have such a stringent requirement for space at this location on the surface of 3C
pro . The replication competence of PVstm was enhanced significantly by either the L94P mutation in 3C pro (Fig. 5) or the D406N mutation in 3D pol (Fig. 6A) , providing additional support for the notion that the stem of the cre plays an important role in its interaction with 3C pro , 3D pol , or 3CD (28) . It is interesting to note that the 4452A3 U mutation that also rescued replication of RNAs containing the PV cre (Fig. 4) reduces the size of an internal loop within the stem of the PV cre by allowing formation of a new U-A bp (Fig. 1B) . This is likely to render the conformation of the PV stem closer to that of the HRV-14 cre, leaving only a single, unpaired base flipped outward from the duplex. Thus, it appears that either a more open conformation on the surface of the HRV-14 3C
pro near Leu-94, or a smaller internal loop within the PV cre, may be able to overcome the inability of the PV cre to function efficiently in the HRV-14 background. Although speculative, it is intriguing to consider that these phenomena are linked and that the region near the internal loop in the stem of the PV cre may interact with the surface of 3C pro near Leu-94. It is not known whether 3C
pro interacts with the cre by itself or as its precursor, 3CD. Both PV 3C
pro and 3CD proteins FIG. 7 . A, comparison of the surfaces of the HRV-14 and PV 3C pro structures. In the HRV-14 structure (left), Leu-94 is in green, Asp-93 is in purple, and Glu-95 is in red (38) , whereas in the PV structure (right), Thr-95 is in green, Glu-96 is in red, and Gly-156 is in yellow (40) . B, structure of PV 3D pol (29) showing the location of Asp-406 (red) and Arg-455 and Arg-456 (orange) at the tip and the back of the thumb domain, respectively. C, proposed model of the 3CD precursor protein structure. The 3C sequence is shown in yellow with the 3D sequence in blue; highlighted 3C residues are shown in green, and highlighted 3D residues are in red (Asp-406) or orange (Arg-455, Arg-456, and the N terminus). Residues missing at the 3C/3D junction were modeled in as a helix to reduce the freedom for positioning the cleavage site. Thr-95 of 3C (which aligns with Leu-94 in the HRV-14 protease) and Asp-406 of 3D are positioned close to each other, potentially forming a single 3CD binding site for the cre. Arg-456 of 3D is in close proximity to Gln-65 of the protease domain; the protease active site is accessible to substrate on the side opposite the polymerase domain.
appear to bind specifically to the PV cre, and both stimulate VPg uridylylation in vitro (28, 35, 36) . On the other hand, 3D pol binding to the PV cre was not detectable in mobility shift assays, and there was no indication that 3D pol influenced the binding of 3CD to the PV cre (28) . Nonetheless, we found that the D406N mutation in 3D pol also was able to complement effectively the defect in PV cre function when it is placed in the HRV-14 background (Table I and Fig. 6A ). This suggests that the D406N mutation in 3D pol favorably influences a direct interaction between the HRV-14 3D pol or 3CD and the PV cre in vivo. Supporting this argument is the fact that Asp-406, conserved in the PV 3D pol sequence, is located on the surface of the three-dimensional structure of the PV polymerase, near the tip of the "thumb" domain (29) (Fig. 7B) . Interestingly, mutations at Arg-456 and Arg-457, at the base of the back side of the thumb domain of 3D pol , recently have been shown to impair the ability to 3CD to enhance 3D pol uridylylation in vitro (36) . These findings confirm a major role for the thumb domain in VPg uridylylation.
Although the structures of both 3C pro (HRV-14 and PV) and 3D pol (PV only) have been solved by x-ray crystallography (38, 40) , similar information is not available concerning the structure of the 3CD precursor. It is reasonable to assume that the proteinase and polymerase domains possess structures within the 3CD precursor which are similar to those of the fully processed, mature proteins because the PV 3CD precursor possesses specific proteinase activity (3). However, there is little information concerning how these two domains are spatially oriented with respect to each other in the precursor molecule. It is intriguing to note that in a model of the PV 3CD structure in which the C terminus of 3C and the N terminus of 3D are bonded to each other, Thr-95 (which aligns with Leu-94 in the HRV-14 3C molecule and is near its N terminus) and Asp-406 (which is near the C terminus of 3D) can be positioned in close proximity to each other by simple rotation of the two domains about the axis of the 3CD junction (Fig. 7C) . This suggests the possibility that these two residues might contribute to a single cre binding site in the 3CD precursor. Consistent with this hypothesis, the L94P mutation in 3C pro and the D406N mutation in 3D pol have additive effects in reversing the defect in PV cre function (Fig. 6A) , suggesting that they act cooperatively. Interestingly, in the PV 3CD model shown in Fig. 7C , Arg-455 and Arg-456 of the polymerase domain are in close proximity to Gln-65 of the protease, consistent with the proposed involvement of these two 3D Arg residues in an interaction with 3C (3). The model also leaves the 3C pro active site solvent-exposed and accessible to substrate, although its close proximity to the polymerase domain could easily influence its conformation and hence modulate substrate specificity. Furthermore, in the proposed model, the "palm" and thumb domains of the polymerase are partially blocked by 3C. Such a spatial arrangement would be consistent with the fact that 3CD retains protease activity but is inactive as a polymerase (3).
